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Introduction 26
Embryonic development involves coordinated cell shape changes and movements to establish the 27 adult body plan and developmental programs are inextricably linked to embryo architecture. In 28 teleosts, the yolk syncytial layer (YSL) is a conserved and essential extraembryonic signaling 29 center which contains transcriptionally active yolk syncytial nuclei (YSN). The YSL has 30 numerous functions including induction and patterning of mesendoderm, coordination of epiboly 31 movements and provision of nutrients to the embryo (Mizuno et al. 1999; Feldman et al. 1998 ; 32 (Kimmel & Law 1985) . Yolk syncytial nuclei (YSN) 50 are located in both regions and are referred to as e-YSN and i-YSN (Kimmel et al. 1995) (Fig.  51   1A) . YSN undergo several mitotic divisions before they exit the cell cycle (Kane et al. 1992) . 52 YSN become enlarged and in some species, have been shown to become polyploid (Bachop and 53 Schwartz, 1974) . 54
55
Epiboly is a major cell movement during teleost development. Epiboly involves the thinning and 56 spreading of a multilayer of cells and the active motive force provided by the YSL is absolutely 57
The blastoderm began to spread vegetally shortly after the final YSN division. During early 154 epiboly, a region of reduced fluorescence became increasingly apparent between the blastoderm 155 margin and the vegetal microtubules in the YCL (Fig. 1C', bracket) . During mid-epiboly, this 156 band of reduced fluorescence, which we refer to as the dim zone (DZ), moved vegetally ahead of 157 the blastoderm. On close observation, it was apparent that microtubules were present in the DZ 158 but they appeared to be more diffuse and microtubule fragments were rarely observed, suggesting 159 a change in microtubule organization ( Fig. 1E'' , inset). More intensely fluorescent, and 160 potentially bundled, microtubules were apparent vegetal to the DZ. We also observed that in 161 some dclk2DeltaK-GFP expressing embryos, microtubules cleared from the vegetal area of the 162 yolk cell (Fig. 1E', arrowhead) . We postulated that this could result from depolymerization at the 163 vegetal pole or from upward movement of the network towards the animal pole, or from a 164 combination of the two. Around 60% epiboly, individual e-YSN began to move vegetally (Fig. 165 1C'') which will be described below. As epiboly progressed the gaps between microtubule 166 branches were less apparent (for example Fig. 1D '''). During late epiboly, the DZ became less 167 distinct as the network became disorganized ( To confirm and quantify our observations, fluorescence intensity measurements and kymographs 174 of dclk2DeltaK-GFP time-lapse movies were generated ( Fig. 2A,B ). We were able to define the 175 DZ as a minimum between the blastoderm and the vegetal mass of microtubules in the yolk cell 176 in A-V fluorescence profile plots taken from the center of the embryo (Fig. 2A) . The fluorescence 177 profiles revealed that the signal was high and relatively noisy in the blastoderm, as well as in the 178 vegetal region of the yolk cell. By contrast, the DZ was characterized as a valley between the 179 blastoderm and vegetal pole in which the fluorescence profile was smooth. These observations 180 are consistent with the more diffuse organization of microtubules and an overall reduction in 181 microtubules in the DZ. By tracking the DZ over time we observed that in all cases the DZ 182 moved towards the vegetal pole (Fig. 2B) . The mean speed of the DZ was constant at 183 approximately 0.826 µm/min ± 0.146µm/min, until late epiboly when the DZ could no longer be 184 reliably detected. Mean speeds for each embryo are given in to further analyze microtubule movements (Fig. 2C,D) . This analysis focused on the vegetal 190 microtubules just below the DZ from early epiboly through the start of mid-epiboly. As expected, 191 movement predominated along the A-V axis, rather than laterally. In embryos 1-3, there was 192 greater mean displacement upwards towards the animal pole than downwards towards the vegetal 193 pole (Fig. 2C red boxes, D) . Embryo 4 differed in that there was greater mean displacement 194 towards the vegetal pole than towards the animal pole throughout the time lapse (Fig. 2C,D) . In 195 all 4 embryos, the mean A-V speeds were an order of magnitude slower than the speed of the DZ. 196 These findings suggest that the predominant event from early to mid-epiboly is the change in 197 microtubule dynamics in the DZ and its vegetal progression. Microtubules within the DZ 198 appeared to become more diffuse and the fluorescence was reduced. These observations suggest 199 that the microtubule network is being dismantled, at least in part, from the top as the DZ moves 200 vegetally. Below the DZ, fluorescence intensity was higher than within the DZ and microtubules 201 were clearly visible. We hypothesized that this subset of microtubules might be more stable due 202 to the accumulation of post-translational modifications. typically present in cells, though often at very low levels, leading to the convention that 209 detyrosinated microtubules are defined by detection over background using anti-detyrosinated 210 tubulin antibodies (Bulinski & Gundersen 1991) . Antibody staining in the yolk cell was 211 technically challenging due to fixation, penetration and yolk trapping issues. Detyrosinated 212 tubulin was detected by antibody staining in a subset of microtubules in the central region of the 213 yolk of mid-epiboly stage embryos but was undetectable in sphere stage embryos (Fig. 3) . 214
Detyrosinated microtubules were located vegetally to the DZ and they did not extend to the 215 vegetal pole. At 60% epiboly, migrating e-YSN could be seen about to enter this region (Fig. 3B,  216 arrowhead). The antibody staining results were consistent with the idea that a subpopulation of 217 stabilized detyrosinated microtubules is present during mid-epiboly outside the DZ. Strikingly, during mid-epiboly the comets began to diminish and were largely undetectable in the 238 YCL at late epiboly stages (Fig. 4A) . Some EB3-GFP comets were still observed in the e-YSL, 239 positioned close to the blastoderm, animal to the DZ. PIV analysis of a single plane time-lapse 240 movie focused on the upper region of the yolk cell was consistent with our qualitative 241 observations, showing that the predominant movement of EB3-GFP comets was along the A-V 242 axis and directed towards the vegetal pole, with an average speed of 3.6 µm/min (Fig. 4B) . The 243 small amount of lateral movement might be explained by the feather-like shape of the 244 microtubule branches. 245
246
To relate microtubule polymerization dynamics to nuclear movement, e-YSN in EB3-GFP 247 movies were examined. Visible as non-fluorescent ovals, e-YSN could be seen to move out from 248 regions where EB3-GFP puncta were being produced (Movie 3). As e-YSN moved vegetally 249 EB3-GFP comets were visible behind them. Multiple e-YSN could be observed to move along 250 microtubule branches being nucleated from stationary microtubule organizing centers. Currently 251 it is not clear what causes the reduction in EB3-GFP comets and their confinement to the e-YSL. 252
The reduction in puncta occurred during mid-epiboly, around the time that the DZ formed and 253 detyrosinated microtubules were first detected. Intriguingly, these two events take place around 254 that time that e-YSN begin to migrate. The temporal correlation between these events suggests 255 that they might be linked and important for e-YSN movement. The strings of e-YSN were associated with microtubule branches extending from the YSL, 273 confirming our observations that e-YSN move along EB3-GFP branches. Migrating e-YSN 274 moved through the DZ, where the branches were less distinct, and then into the dense vegetal 275 network of microtubules in the lower yolk. 276 277 e-YSN speed was determined using 2D confocal projections of the time-lapse movies. e-YSN 278 moved on average at approximately 1.936 ± 0.025 µm/min (see Table 2 for mean speeds per 279 embryo; Table S1 mean speeds per nuclei). Nuclei did not appear to move at a uniform speed 280 ( Fig. 5B ) but rather exhibited slow vegetal-ward movement punctuated by bursts of increased 281 speed. These bursts of speed did not occur simultaneously, consistent with each e-YSN moving 282 independently. Interestingly, the average speed was faster than blastoderm and DZ epiboly 283 supporting the proposal that e-YSN epiboly is independent from blastoderm epiboly (Solnica-284
Krezel & Driever 1994). 285 286 e-YSN movement was further examined using spinning disk confocal time-lapse microscopy of 287
Tuba8l-GFP expressing embryos in which nuclei were fluorescently labeled with H2A-GFP. 288
Consistent with Solnica-Krezel and Driever (1994) and our low power time-lapse movies, as the 289 e-YSN began to move they typically underwent a shape change from round to elongate with the 290 pointed end indicating the direction of movement (Fig. 5C ). This shape change was most 291 prominent around 60% epiboly, when the movement initiated. As the nuclei moved they 292 exhibited small bulges and contractions on their surface (Movie 4). We confirmed that nuclear 293 movements were continuous with short bursts of faster movement and migrating e-YSN were not 294 observed to move backwards. Nuclei moved within individual microtubule branches and were 295 not seen to cross the gap between branches. To understand the 3-dimensional relationship 296 between the yolk microtubules and the e-YSN, we inspected Z-stacks from spinning disk 297 confocal movies, and observed that the bulk of the microtubule network was more superficially 298 located than the e-YSN (Fig. 5D ). In the deepest e-YSN focal plane, microtubules were visible 299 around the nuclei but were otherwise sparse compared to more superficial planes. 300 301
Over-expression of a dominant-negative KASH construct disrupts e-YSN movement 302
There are several known mechanism whereby microtubules mediate nuclear migration 303 (Gundersen & Worman 2013) . In large cells, microtubules can exert pulling forces on 304 centrosomes, which often involves cortically anchored dynein. Another method, common during 305 developmental processes and exemplified by female pronuclear migration, involves nuclear 306 envelope associated motor proteins 'walking' the nucleus down the microtubules (Gundersen & 307 Worman 2013). Given our observation that the e-YSN move past and beneath the yolk 308 microtubule network, we hypothesized that motor proteins move the e-YSN by directly 309 associating with them. In addition, the formation of the DZ and the observation that e-YSN move 310
through this region appears incompatible with vegetally anchored motor proteins pulling the e-311 YSN down the length of the yolk cell. We explored the possibility that the LINC complex, which 312 is known to interact with microtubules and microtubule motor proteins (Starr & Fridolfsson 313 2010) , was involved in e-YSN migration. Work in other systems, including the zebrafish retina, 314
showed that overexpression of the KASH domain alone can impair nuclear movement by acting 315 in a dominant-negative fashion to disrupt interactions between the LINC complex and 316 cytoskeletal components or motor proteins (Tsujikawa et al. 2007 ; Grady et al. 2005) . 317
318
To test the potential role of the LINC complex in e-YSN nuclear movement, we overexpressed 319 the KASH domain of zebrafish Syne2a (C-syne2a) (Tsujikawa et al. 2007 ). Embryos were 320 injected at the 1-cell stage with a mixture of c-syne2a and h2a-gfp RNA or with h2a-gfp RNA 321 alone as a control. Confocal time-lapse microscopy was performed on injected embryos during 322 mid-epiboly stages. In control embryos, e-YSN elongated in the direction of movement (Fig. 6  323 cell #1, Movie 5) as they moved towards the vegetal pole, as described above. In c-syne2a 324 injected embryos, epiboly was overtly normal, however there were defects in the appearance and 325 behavior of the e-YSN. The e-YSN did not become elongated to point in the direction of 326 movement but were more globular in shape. Furthermore, instead of moving vegetally some e-327 YSN in c-syne2a injected embryos rotated sideways such that their movement was perpendicular 328 to the A-V axis (Fig. 6 cells #2 and #3, Movie 6). Other e-YSN moved animally and some were 329 overrun by the advancing blastoderm margin (Fig. 6 cell #1 ). These behaviors were not observed 330 in control embryos. In c-syne2a injected embryos, most e-YSN were still carried vegetally, 331 though in a less directed manner and we hypothesize that this movement is passive as a result of 332 expansion of the YSL. These results suggest that SUN-KASH proteins are involved in directed e-333 YSN movement. 334
335
We postulate that the LINC complex interacts directly with microtubule motors to move the e-336 YSN. Typically, centrosomes remain associated with nuclei as they migrate Manneville 2011). Centrosomes can be located in front of the nucleus as it moves, with force 338 transmitted to the nucleus via microtubules anchored at the centrosome (Solecki et al. 2004 ). In 339 this scenario, dynein, a minus end directed motor, would be expected to drive nuclear movement 340 in the yolk. However, the centrosome does not always lead the migration (Umeshima et al. 2007 ) 341
and if this were the case, given the polarity of the yolk microtubule network, the plus end directed 342 motor kinesin would be expected to be involved. To determine the location of the centrosome 343 during e-YSN migration, we performed gamma-tubulin antibody staining. Gamma-tubulin was 344 detected in association with e-YSN in the YSL at sphere and dome stages (not shown) but we 345 were unable to detect gamma-tubulin in the yolk at later stages, due to background fluorescence. 346
Our attempts to visualize the centrosome in live embryos during late epiboly by injecting RNA 347 encoding Centrin-GFP or Gamma-tubulin-GFP were also unsuccessful. Thus, additional data are 348 required to determine the position of the centrosome during nuclear migration as well as the 349 motor protein involved. The yolk microtubule network has been assumed to be established prior to the start of epiboly 378 and to be progressively shortened from the vegetal pole (Solnica-Krezel & Driever 1994). We 379 were therefore surprised to see extensive EB3-GFP puncta throughout the yolk cell, which could 380 reflect the non-centrosomal origin of some microtubules. During early epiboly, we also observed 381 that the continuity between the upper and lower microtubule network began to diminish, as a 382 region of reduced microtubule density appeared that we call the dim zone (DZ). Due to technical 383 issues, we have so far been unable to simultaneously examine labeled EB3 and microtubules in 384 live embryos which would allow us to understand the timing of these events in greater detail. The 385 DZ was very obvious in dclk2DeltaK-GFP embryos and it was detected in GFP-tuba8l embryos. 386
However, GFP-tuba8l embryos exhibit much lower levels of fluorescence than dclk2DeltaK-GFP 387 embryos, which made the DZ more difficult to characterize. 388
389
After DZ formation, the structure of the microtubules in the DZ changed, although the details and 390 molecular bases for these changes remains to be determined. Microtubules in the DZ appeared 391 more diffuse and the overall reduction in fluorescence suggests that some were degraded, which 392 was supported by time-lapse movies in which microtubule fragments entered the DZ and then 393 lost their fluorescence. The DZ became more prominent during mid-epiboly stages as it moved as 394 a wave front towards the vegetal pole as the microtubules vegetal to it shortened. One possibility 395 is that the DZ represents the leading edge of YSL, which replaces the yolk cytoplasmic layer 396 during epiboly. Towards the end of epiboly, the network became disorganized and the DZ was no 397 longer apparent. between. This suggests that e-YSN nucleate microtubule tracks for other e-YSN to migrate along. 453
Our model is that motor proteins, recruited to the e-YSN by the LINC complex, transport the 454 nuclei through and past the DZ towards the vegetal pole. Thus, a given e-YSN is not linked to 455 one set of microtubules throughout its movement and e-YSN appear to move through and largely 456 beneath the bulk of the microtubules. We also saw that in some case microtubules moved slowly 457 animally, in the opposite direction from migrating nuclei. Taken all together, these data do not 458 support a model in which e-YSN are pulled by microtubule shortening from the vegetal pole. 
RNA Synthesis and Microinjection 533
To generate h2a-gfp, eb3-gfp, and c-syne2a sense RNA, NotI digested plasmids were in vitro 534 transcribed using the SP6 mMESSAGE mMACHINE kit (Ambion). RNAs were purified with 535 the MEGAclear kit (Ambion). Embryos were injected into the yolk of 1-cell stage embryos as 536 blunted. Tg:(XlEefla1:GFP-tuba8l) transgenic zebrafish were generated using Tol2 transposon-556 mediated germline transmission (Kotani et al. 2006 ). Embryos at the 1-cell stage were injected 557 with transposase RNA and pT2KXIGΔin-GFP-tuba8l plasmid and fluorescent embryos were 558 selected at 24 hpf and grown to adulthood. GFP positive embryos from the founder generation 559 were raised to adulthood. The first generation of Tg:(XlEefla1:GFP-tuba8l) were genotyped by 560 crossing to wild type fish and collecting embryos at 24 hpf. Genomic DNA was prepared from 561 approximately 100 embryos per pair and PCR amplification was performed using Taq 562 polymerase (NEB) (forward primer: 5'-ACGGGATCCGCCAC 563 CATGGTGAGCAAGGGCGAGGAG-3' and reverse primer: 5'-564 ATGAACTTCAGGGTCAGCTTGC-3'). 565 566
Whole-mount immunohistochemistry 567
The following primary antibodies (1:500 dilution) were used: rabbit anti-tubulin-detyrosinated 568 (AB3201, EMD Millipore), mouse anti-γ-tubulin clone GTU-88 (T6557, Sigma-Aldrich), and 569 mouse anti-α-tubulin DM1A (T6199, Sigma-Aldrich). The following secondary antibodies were 570 used at 1:1000: goat-anti-rabbit Alexa 488 (A-11008, Invitrogen) and goat-anti-mouse Alexa 488 571 (A-11001, Invitrogen). Microtubule antibody staining was performed as described (Topczewski 572 and Solnica-Krezel, 1999) with the following modifications: embryos were fixed in 3.7% 573 formaldehyde, 0.2% triton X-100 in microtubule stabilization buffer and fixation time was 1. The data points represented in the plots are means for all vectors of a given time point. These sets 855 of points for delta lateral and delta A-V were compared with 2-sided t-test using the matlab 856 function ttest2, and *** indicates p<0.0001. Stages that red boxed regions correspond to: embryo 857 1: dome-60% epiboly; embryo 2: dome-75% epiboly; embryo 3: dome-60% epiboly; embryo 4: 858 late sphere-65% epiboly. 859 860 
